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The RISC-associated Argonaute (Ago) proteins play the catalytic role for RISC-mediated gene regula-
tion by selecting small RNAs and subsequent targeting and cleavage of complementary mRNAs. Ago
Mid domains are proposed to play essential roles in small RNA sorting. Here, we report the crystal
structures of Arabidopsis Ago1 Mid domain and its chimera mutant with part of Ago1 replaced by
Ago4. The structures demonstrate that a single amino insertion in the nucleotide speciﬁcity loop
of AtAgo1 will change the nucleotide binding preference of AtAgo1 from ‘‘50-U’’ to ‘‘50-A’’. Moreover,
we identify a long positively charged groove located along the ‘‘50-end-nucleotide speciﬁcity loop’’
and occupied by several sulfate ions with the distance of 9–11 Å distance, indicating a putative
mRNA target binding groove.
 2012 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
The RNA-induced Silencing Complex (RISC) plays a crucial role
in regulating gene expression, through either transcription gene
silencing (TGS) by chromatin remodeling or post-transcription
gene silencing (PTGS) by sequence-speciﬁc messenger RNA
(mRNA) cleavage or translational inhibition [1–3]. The RISC-
associated Argonaute (Ago) proteins play the catalytic role for
RISC-mediated gene regulation by contributing the selection of
the guide strand of small RNAs (both siRNAs and miRNAs) and
subsequent targeting and cleavage of complementary mRNAs [4].
Ago proteins display an overall bilobal architecture comprising
the N-terminal PAZ-containing lobe and C-terminal PIWI-
containing lobe [5,6]. The PAZ-containing lobe is composed of an
N-terminal domain with unknown function and a PAZ domain
for 30-end recognition of the bound small RNA, whereas the
PIWI-containing lobe is composed of a Mid domain for 50-end
recognition of the bound small RNA and a PIWI domain for mRNA
target binding and cleavage [7–9]. These two lobes work collabo-
rated to position the loaded small RNA pairing with the mRNA
target for gene regulation [8].chemical Societies. Published by E
ical Sciences and Centre for
e, 14 Science Drive 4, Singa-
).Immunoprecipation of Ago proteins followed by deep sequenc-
ing of their associated small RNAs has demonstrated that Ago pro-
teins display the strong preference to bind the small RNAs with a
particular 50-nucleotide base identity in both animals and plants
[10–12]. For example, human Ago2 prefers binding to the miRNAs
with 50-U or 50-A, Drosophila melanogaster Ago1 prefers binding to
50-U whereas D. melanogaster Ago2 prefers to binding 50-C [13–15].
Extensive deep sequencing of Ago associated small RNAs from ﬂy,
worm and mouse reveal that 50-U containing miRNAs are preferred
by these Agos [10,11].
In Arabidopsis, both 50-nucleotide base identity and the length
of the loading small RNA contribute to the small RNA sorting in
AtAgos [16]. Arabidopsis Ago1 prefers to binding 21-nt long 50-U
containing smRNAs involved in post-transcriptional gene silencing,
whereas Arabidopsis Ago4 prefers to binding 24-nt long with the
50-A containing smRNAs involved in transcriptional gene silencing
[17,18].
Recent crystal structures of human Ago2 Mid domain and
Neurospora crassa QDE-2 (Ago) Mid domain showed that eukary-
otic Ago Mid domains display the conserved Rossmann-like fold
and adopt the similar principles for 50-terminal nucleotide recogni-
tion [14,19]. Strikingly, crystal structures of human Ago2 Mid
domain in complex with different nucleotide base identity
followed by NMR titration experiments revealed a unique nucleo-
tide speciﬁcity loop [14]. The 5 a.a. long nucleotide speciﬁcity loop
provides the right hydrogen bonds favorable for ‘‘A’’ or ‘‘U’’ bindinglsevier B.V. All rights reserved.
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of an extra residue into this loop abolished nucleotide base speci-
ﬁcity [14].
To investigate whether such nucleotide speciﬁcity loop is the
determination factor in small RNA sorting in Arabidopsis Agos,
we solved the crystal structures of Arabidopsis Ago1 Mid domain
and Arabidopsis Ago1 Mid domain mutant with the nucleotide
speciﬁcity loop replaced by the speciﬁcity loop from Ago4 (chimera
AtAgo1v4 Mid domain) with crystallographic statistic table shown
as Table 1. Our structural and RNA binding results demonstrated
that nucleotide speciﬁcity loop is critical for 50-nucleotide base
identity recognition in Arabidopsis Agos, which could be a
universal structural feature for small RNA sorting by eukaryotic
Agos. Furthermore, we showed that in Arabidopsis, not only the
50-nucleotide base identity but also the length of the guide small
RNA is important for recognition and binding by Agos. In addition,
we observed a long positively charged groove next to the
50-nucleotide binding pocket and separated by the nucleotide
speciﬁcity loop. Notably, we identiﬁed several well reﬁned sulfate
ions separated in 9–11 Å distance, which are located within this
positively charged groove, indicating a putative RNA target binding
groove. These data suggest a potential mechanism for small RNA
sorting, mRNA target binding and annealing mediated by
Arabidopsis Mid domains.
2. Materials and methods
2.1. Puriﬁcation and crystallization of Arabidopsis Ago Mid domains
The Mid domain of Arabidopsis Ago1 was PCR ampliﬁed from
full-length Ago1 and the recombinant protein was generated by
the insertion of the PCR product into pET28b (Novagen) vector
by restriction-free cloning method, with a C-terminal His-tag
encoded by the vector. The chimerical Ago1–4 Mid domain were
prepared using overlapping PCR by replacing the Ago1 recognition
loop (PDNNGSL) with Ago4 recognition loop (PDKKNSDL) and
veriﬁed by sequencing.Table 1
Data collection, phasing and reﬁnement statistics.
Space group P2
At
Data collection
Cell dimensions a, b, c (Å) 37
Wavelength (Å) 1.5
Resolution (Å)a 50
Rsym (%) 7.3
I/r (I) 28
Completeness (%)a 98
Redundancy 6.9
Reﬁnement
Resolution Range (Å) 50
No. reﬂections 10
Rwork (Rfree) (%) 18
No. atoms
Protein 11
Sulfate 25
Water 10
B-factors (Å2)
Protein 21
Sulfate 43
Water 33
R.m.s. deviations
Bond lengths (Å) 0.0
Bond angles () 1.3
% Favored (disallowed) in Ramachandran plot 96
a Values for the highest-resolution shell are in parentheses.Recombinant Arabidopsis Ago Mid domains were expressed in
Escherichia coli (BL21/DE3 strain) overnight at 20 C induced by
0.4 mM isopropyl â-d-thiogalactoside (IPTG). Proteins were
puriﬁed through Ni2 + afﬁnity column, Hitrap Q column
(GE-healthcare), followed by HiLoad Superdex S-75 26/60 column
(GE-healthcare). The puriﬁed protein was concentrated to 15–
20 mg/ml in a Centriprep-30 (Amicon).
Crystals of Ago Mid domain proteins were grown at 20 C by
mixture of 1.0 ll of protein with 1.0 ll of reservoir containing
1.74 M Ammonium sulfate and 100 mM Sodium Citrate (pH 4.5).
These crystals grew to a maximum size of 0.3  0.02  0.02 mm
over the course of 10 days.
2.2. Data collection and structure determination
Crystals were ﬂash frozen (100 K) in the above reservoir
solution supplemented with 30% glycerol. A total of 180 data set
with 1 oscillation was collected on the native crystal of AtAgo1
Mid domain at home X-ray resource. A total of 360 data set with
1 oscillation was collected on the native crystal of AtAgo1v4 at
Shanghai Synchrotron Radiation Facility. All the data sets were
processed by HKL2000 (www.hkl-xray.com). The structure was
determined by molecular replacement by using human Ago2 Mid
domain as the search model by using Molrep/CCP4 (www.ccp4.
ac.uk). The model was built by using the program O (xray.bmc.
uu.se/alwyn) and reﬁned using REFMAC/CCP4 (www.ccp4.ac.uk)
with the crystallographic statistics listed in Table 1.
2.3. Isothermal titration calorimetry assay
All the experiments were performed in a buffer containing
25 mM Tris–HCl (pH 7.4), 0.5 M EDTA and 300 mM NaCl. Protein
(15 lM) and RNA (200 lM) samples were ﬁltered and degassed
before titration. Protein samples were loaded into the cell and
RNA samples were loaded into the syringe with a stirring speed
of 310 rpm. (Microcal VP-ITC calorimeter, Northampton, MA,
USA). Data were collected in the high feedback mode with a ﬁlter
period of 2 s. The calorimetric data were processed and ﬁtted into12121
Ago1 Mid AtAgo1v4 Mid
.005, 60.966, 67.376 36.869, 61.096, 67.085
418 0.9794
–2.0 (2.03–2.0) 50–1.5 (1.53–1.5)
(37.0) 6.9 (55.7)
.9 (5.6) 42.3 (5.6)
.1 (93.5) 99.9 (100.0)
(6.7) 14.1 (13.7)
–2.0 (2.05–2.0) 50–1.5 (1.54–1.5)
112 23590
.5/25.1 (22.3/38.0) 18.8 /21.5 (19.7/22.9)
55 1169
20
2 141
.6 17.7
.7 32.9
.4 36.6
14 0.008
0 1.136
.2 (0) 94.0 (0)
3202 X. Zha et al. / FEBS Letters 586 (2012) 3200–3207the single set of identical sites model using Microcal Origin (ver-
sion 5.0) and analyzed by the software supplied with the
instrument.
3. Results
3.1. Structures of Arabidopsis Ago1 Mid domain
Arabidopsis Ago1 Mid domain shares sequence and structural
similarity to human Ago2 Mid domain (Z score 18.8, r.m.s.d.
1.8 Å, 130 Ca), N. crassa QDE-2 Mid domain (Z score 15.0,
r.m.s.d. 1.9 Å, 118 Ca) and Thermus thermophilus Ago Mid domain
(Z score 8.5, r.m.s.d. 3.4 Å, 132 Ca), displaying a Rossmann-like
fold with four b-strands forming a central b-sheet ﬂanked by a-
helices (Fig. 1A and C). Similar to the structure of QDE-2 MID do-
main, Ago1 Mid domain contains one sulfate ion coordinated byA
C
B
K695
K732
Y691
Q707 C708
N687
D685
AtAgo1 vs. hAgo2
UMP
SO42-
** **
* **
Fig. 1. Overall structure of Arabidopsis Argonaute Mid domain. (A) Sequence alignmen
sequences are in the order of Arabidopsis ago1 (ago1-At), human ago2 (ago2-Hs), Arab
diagram for Arabidopsis ago1 is shown at the top. The a-helices are indicated as brick
similarity) and green (60% similarity), whereas essentially invariant residues are shade
nucleotide speciﬁcity recognition and sulfur binding are highlighted in orange stars, red
Stereoview of the AtAgo1 structure presented in a cartoon view and colored in green. Th
sulfur atoms are also shown in stick. (C) Left panel: Ribbon presentation of structural
magenta). The residues involved in 50-end recognition are shown in stick. Right panel: R
with TtAgo Mid domain (in silver). All structures show close structural similarity w
superimposing well with the bound sulfur atom of AtAgo1.the highly conserved amino acids K695, Q707, C708 and K732
(Fig. 1B). Superimposition of the structures of Arabidopsis Ago1
Mid domain with human Ago2 Mid domain showed that this sul-
fate ion represents the same position of the 50-phosphate of UMP
observed in the human Ago2 Mid domain (Fig. 1C, left panel).
Similarly, superimposition of the structures of Arabidopsis Ago1
Mid domain with TtAgo Mid domain showed that the 50-end
nucleotide of the guide strand superimposes perfectly with the
sulfate ion position (Fig. 1C, right panel). In addition, several
well-reﬁned sulfate ions are identiﬁed along a long shallow
groove next to the putative 50-nucleotide binding pocket, which
may present the phosphate atoms of the putative bound mRNA
target (Fig. 1B). Therefore, the overall structure of Arabidopsis
Ago1 Mid domain comprises two pockets/grooves: one for 50-
nucleotide binding and the other for putative mRNA target bind-
ing (Fig. 1B).K695
K732
Y691
Q707 C708
N687
D685
AtAgo1 vs. TtAgo
guide strand
SO42-
** ***
t of Argonaute Mid domains from Arabidopsis, human and bacterium. The aligned
idopsis ago4 (ago4-At), and T. thermophilus Ago (ago-Tt). The secondary structure
s, b-strands are indicated as arrows. Conserved residues are shaded in cyan (80%
d in yellow. The residues involved in 50-end nucleotide phosphate binding, 50-end
stars and blue stars, respectively, whereas UMP binding loop is indicated in red. (B)
e residues involved in 50-end nucleotide recognition are shown in stick. The bound
superimposition of AtAgo1 Mid domain (in orange) with hAgo2 Mid domain (in
ibbon presentation of structural superimposition of AtAgo1 Mid domain (in orange)
ith the bound UMP of hAgo2 (left panel) or guide strand of TtAgo (right panel)
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domains
By superimposing the crystal structure of Arabidopsis Ago1 Mid
domain with that of human Ago2 in complex with UMP, the 50-ter-
minal uridine is well positioned into the conserved binding pocket
formed by K695, Q707, C708 and K732 with the 50-phosphate per-
fectly superimposed on the sulfate ion (Fig. 1B and C and Fig. 2A left
panel). Within this model, the phosphate group of the UMP forms
multiple hydrogen bonds with the side chains of the highly con-
served residues, K695, Q707 and K732 and the backbone of C708,
the base of the UMP stacks with Y691, whereas the O2, N3 and O4
of UMP form hydrogen bonds with the ND2 and OD1 of the side
chains of N687 and the backbone of D685, respectively. Therefore,
the hydrogen bonds contributed from the well resolved short loop
containing residues P684, D685, N686, N687 and S688 determine
the base speciﬁcity (Fig. 2A left panel). Similarly, structures of hu-
man Ago2 Mid domain in complex with AMP, GMP and CMP are
superimposed into the structure of Arabidopsis Ago1 Mid domain,A
B
AtAgo1-UMP model
AtAgo1v4-UMP model
UMP
Y691
N687
D685L710
UMP
L710A
K687a
K686
S688
Y691
D685
N687b
     AtAgo1-Mid domain 
binding to miRNA mimic
AtAgo1v4-Mid dom
     binding to miRN
C
Fig. 2. 50-End nucleotide recognition by Arabidopsis Ago Mid domains. (A) Left panel
recognition (D685, N687 and Y691) are shown in stick and colored in red, whereas the re
in grey. The potential hydrogen bonds are indicated in dash lines. Right panel: Structu
recognition by AtAgo1v4. The residues involved in UMP recognition (D685, K686, K687a
introduce unfavorable close contacts (L710A) is shown in stick and colored in grey. The ‘‘X
hydrogen bonds are indicated in dash lines. Right panel: Structural model of AMP recog
domain (left panel) and AtAgo1v4 Mid domain mutant (middle panel) binding to 7-nt mi
upper and lower plots, respectively. The Ka and stoichiometry numbers (n) obtained by
determined by non-linear least-squares analysis. Right panel: Comparison of binding afrespectively. As expected, both GMP and CMP are not able to form
suitable hydrogen bonds with the nucleotide speciﬁcity loop. Strik-
ingly, dissimilar to human Ago2Mid domain, the 5’-end recognition
pocket inArabidopsisAgo1Middomain is not suitable forAMPbind-
ing. Based on our model, there is only one potential hydrogen bond
formedbetween the base of AMPand the side chain ofN687. In addi-
tion, the side chain of L710, which is located close to the sugar moi-
ety of AMP,may play the role to inhibit the tight binding of AMP into
the pocket (Fig. 2A, right panel). The structural uniqueness of
Arabidopsis Ago1 Mid domain along the nucleotide speciﬁcity loop
and the surrounding residues explains the observation that
Arabidopsis Ago1 prefers to bindmiRNAs with 50-U instead of other
nucleotides [17]. Consistent to the structural observation, ITC exper-
iments showed that Arabidopsis Ago1Mid domain was able to bind
an miRNA mimic (50-UGGAGGA-30) with 50-U with a binding
constant (Ka) of 7.06  105 (Fig. 2C, left panel), and the replacement
of thenucleotide speciﬁcity loop form that of ArabidopsisAgo4hada
signiﬁcant impact on their binding by reducing the binding afﬁnity
approximately twofold (Fig. 2C, middle and right panels).AtAgo1-AMP model
AtAgo1v4-AMP model
AMP
Y691
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D685L710
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: Structural model of UMP recognition by AtAgo1. The residues involved in UMP
sidue may introduce unfavorable close contacts (L710) is shown in stick and colored
ral model of AMP recognition by AtAgo1. (B) Left panel: Structural model of UMP
, N687b and S688) are shown in stick and colored in red, whereas the residue may
’’ sign indicates that L710 is indeed an Ala residue in AtAgo4 sequence. The potential
nition by AtAgo1v4. (C) Isothermal titration calorimetry assay data of AtAgo1 Mid
RNA mimic. Raw titration data and integrated heat measurements are shown in the
ﬁtting a standard one-interaction-site model are reported, with the associated s.d.
ﬁnities. Error bars are indicated.
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Fig. 3. Structural models of AtAgo1 in complex with RNAs. (A) Structural model of AtAgo1-guide strand binary complex Left panel: The crystal structure of AtAgo1 Mid
domain is colored in green, the crystal structure of TtAgo in complex with guide strand is colored in silver, whereas the bound guide strand is colored in orange. Different
TtAgo domains are indicated. Right panel: Cartoon presentation (top panel) and electrostatic potential surface presentation (bottom panel) of the detailed structural model
highlighted in Mid domain. The residues involved in guide strand binding (Y721 and K728) are shown in stick and colored in magenta, whereas the residues involved in sulfur
binding (S613, R614, Q615, H713 and S718) are shown in stick and colored in blue. The distances between the bound sulfur atoms and the water molecule are indicated in
dash lines in green. The Nucleotide speciﬁcity loop is also indicated. (B) Structural model of AtAgo1-guide strand-mRNA target ternary complex Left panel: The crystal
structure of AtAgo1 Mid domain is colored in green, the crystal structure of TtAgo in complex with guide strand and mRNA target mimic is colored in silver, whereas the
bound guide strand is colored in orange. Different TtAgo domains are indicated. Right panel: Cartoon presentation (top panel) and electrostatic potential surface presentation
(bottom panel) of the detailed structural model highlighted in Mid domain. The 30-end of the bound mRNA target is extended and positioned to superimpose the bound sulfur
atoms and the water molecule.
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loop is proposed to be essential for small RNA sorting by Agos [14].
Sequence alignment of Arabidopsis Ago1 Mid domain with Arabid-
opsis Ago4 Mid domain showed that Arabidopsis Ago4 has a 6 a.a.
loop (PDKKNS) whereas Arabidopsis Ago1 has a 5 a.a. loop
(PDNNG) (Fig. 1A). To investigate whether this extra a.a. insertion
in the loop changes the structure of the speciﬁcity loop and conse-
quently changes the nucleotide speciﬁcity recognition, we solved
the crystal structure of Arabidopsis Ago1 Mid mutant with the Ara-
bidopsis Ago1 nucleotide speciﬁcity loop replaced by Arabidopsis
Ago4 loop (chimera AtAgo1–4 Mid domain, ago1v4). In this chi-
mera Ago1–4 Mid domain structure, the replacement of PDNNGSL
by PDKKNSDL, an insertion of a Lys residue and point mutation of
Asn to Lys, has triggered the dramatic conformational change of
the speciﬁcity loop with the inserted residue (N) becoming thebeginning of an a-helix. As the consequence, both S688 and
N687a move close to the putative nucleotide binding pocket
(Fig. 2B). Notably, the replacement of the nucleotide speciﬁcity
loop did not have the impact for sulfate binding within the nucle-
otide binding pocket. The position of the sulfate ion representing
the 50-phosphate atom was unchanged, which allowed the model-
ing of the AMP, UMP, GMP and CMP to the chimera AtAgo1–4 Mid
domain structure, respectively. As expected, AMP instead of UMP
molecule is the most favorable substrate for Ago1v4 binding.
Within our model, the base moiety of UMP has the potential to
form two hydrogen bonds with the side chains of K687a and
S688, whereas the base moiety of AMP has the potential to form
three hydrogen bonds with the side chains of K687a, N687b and
S688 (Fig. 2B). The potential steric clash between the bound
nucleotide and L710 will be alleviated in the real AtAgo4 structure
AB
guide-strand RNA binding to Ago
mRNA target binding to Ago and annealing to guide-strand RNA
N
N
PAZ
PAZ
PIWI
PIWI
Mid
Mid
3’
5’
3’
5’
guide strand
guide strand
3’
5’
mRNA target strand
Zipping -up
Fig. 4. Cartoon model of Ago mediated miRNA sorting and mRNA target nucleation and propagation events. (A) Cartoon model of guide strand bound to Ago. The Ago Mid
domain is show in electrostatic potential surface view, whereas the bound guide strand is shown in cartoon view. The bound sulfur atoms are also indicated. (B) Cartoon
model of mRNA target bound to Ago and annealing to guide strand. The 50-end of the bound mRNA target is extended to form the A-form RNA duplex with the guide strand,
whereas the 30-end of the bound mRNA target is extended and positioned to superimpose the bound sulfur atoms and the water molecule.
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the smallest side chain (Fig. 1A).
3.3. Small RNA binding and sorting by Arabidopsis Ago Mid domains
In Arabidopsis, the lengths of small RNAs play important roles
to determine their association with Agos. For example, Arabidop-
sis Ago1 prefers to bind canonical miRNAs, whereas Ago4 prefers
to bind long miRNAs [16]. Next, we start to investigate the
length requirement for ssRNA binding to Arabidopsis Agos. In
contrast to human Ago2 Mid domain, neither Arabidopsis Ago1
Mid domain nor Arabidopsis Ago4 Mid domain displays any
apparent binding afﬁnity with UMP or AMP (data not shown).
By contrast, strong binding afﬁnities are observed between the
AtAgo1 Mid domain and the canonical 7-mer miRNA mimic
(50-p-U1-G2-G3-A4-G5-A6-A7–30) (Fig. 2C, left panel). In contrast
to the N. crassa QDE-2 Mid domain, which needs the successive
PIWI domain for guide RNA mimic binding [20], AtAgo1 Mid do-
main is capable for miRNA mimic binding without the presenceof PIWI domain (Fig. 2C, left panel). Such observation suggests
that Arabidopsis Ago Mid domain itself probably plays the more
signiﬁcant role for small RNA sorting compared to its human and
yeast counterparts.
To further investigate the additional key residues involved in
miRNA sorting by Arabidopsis Ago1 Mid domain, we made the
Ago1-miRNA mimic complex model by superimposition of Ago1
Mid domain structure with T. thermophilus Ago-guide strand com-
plex structure (Fig. 3A, left panel) [8]. Within this model, the 50-end
nucleotide stacks over the conserved tyrosine residue (Y691),
whereas the successive 6 nucleotides (50-G2-G3-A4-G5-G6-A7-30)
adopts an A-from helical conformation. The non-bridging oxygens
of the backbone phosphates at the U1-G2 and G2-G3 steps are
hydrogen-bonded to the side chains of Y721 and K728, respectively
(Fig. 3A, right panel). Similar to the crystal structures of TtAgo-
guide strand complex, our AtAgo1 Mid-miRNA mimic model
showed that the stacked bases 2–7 at the 50-end of the guide miR-
NA are accessible for pairing with their complementary strand
(Fig. 3A).
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domains
In addition to the well reﬁned sulfate ions observed inside the
50-end-nucleotide binding pocket, our model revealed several addi-
tional well reﬁned sulfate ions within a long positive charged shal-
low groove along the nucleotide speciﬁcity loop, which is
separated from the 50-end-nucleotide binding pocket (Fig. 3A, right
panel). These sulfur atoms form hydrogen bonds with the side
chains of the highly conserved residues, S613, R614 and Q615, as
well as the partially conserved residues, H713 and S718 (Fig. 3A,
right panel). The electro-statistic charge and the size of the groove
as well as the periodic distance (from 9 to 11 Å) among the bound
sulfate ions and the water molecule located within the groove
strongly suggests that this highly positively charged shallow
groove is the binding groove for the long mRNA target and the
locations of the sulfate ions and the water molecule are the loca-
tions for the phosphate groups of the long mRNA target (Fig. 3A,
right panel).
In literature, there is an argument whether an initial interac-
tion of miRNA with 50-phosphate binding site in the Ago Mid do-
main will enhance the mRNA cap binding. Both m7 guanosine
triphosphate (GTP)-binding assay by DmAgo and crystal structure
of Neurospora QDE-2 Mid domain favor this model [19,21],
whereas structural analysis of hAgo2 Mid domain and in vitro
pull-down experiments with full-length hAgo2 disfavor this
model [14,22].
Within our AtAgo1 Mid domain structure, we did not observe
the second sulfate ion binding site in close proximity to the 50-
end-nucleotide binding site. By contrast, we identiﬁed new sulfate
ion binding sites along the positive charged groove, which is in
proximity to the 50-end-nucleotide binding site, however, sepa-
rated by the 50-nucleotide speciﬁcity loop (Fig. 3A, right panel).
Remarkably, the sulfate ions are also observed in the chimera
AtAgo1–4 Mid domain even the 50-nucleotide-speciﬁcity loop in
AtAgo1 was replaced by that from AtAgo4. Notably, the positive
charged groove is also conserved in hAgo2 Mid domain structure.
To better understand the potential mechanism for small RNA
sorting, mRNA target binding and annealing mediated by AtAgo1
Mid domain, we started to make the initial cartoon model of AtAg-
o1 Mid domain-miRNA mimic-mRNA ternary complex by superpo-
sition of our AtAgo1 Mid domain structure with the TtAgo-guide
strand-ssRNA ternary complex and extension of the 30-end of the
bound mRNA target to the positively charged groove (Fig. 3B) [23].
Within this cartoon model, the 30-half of the bound mRNA tar-
get wraps around the AtAgo1 Mid domain, whereas the 50-half of
the bound mRNA target pairs with the miRNA mimic (Fig. 3B, right
panel). Notably, this positive charged groove is accessible in the
full-length Ago structure (Fig. 3B, right panel). We speculate that
this shallow groove may provide the location to accommodate
the incoming mRNA target by capturing the mRNA target from
30-end, therefore facilitates the annealing process determined by
the miRNA-mRNA pairing.4. Discussion
RISC-mediated gene regulation comprises at least two steps:
small RNA loading and mRNA target pairing [9]. Small RNAs gener-
ated by different processing machineries with different lengths and
structure features must be precisely loaded into the speciﬁc Ago
members to perform the speciﬁc functions. Ago proteins, the cata-
lytic component of RISCs, is the core component involved in small
RNA sorting, mRNA target pairing and consequent mRNA cleavage
[4,23]. The speciﬁc expression proﬁle, biochemical property and
structural feature of the individual Ago members eventuallydetermine many biological processes in eukaryotic cells. The re-
cent structural efforts on eukaryotic Ago proteins start to reveal
the molecular mechanism of small RNA sorting by eukaryotic Agos
[14,19,20]. The structural observation that Arabidopsis Ago1 and
Ago4 adopt the same ‘‘50-end-necleotide speciﬁcity loop’’ for small
RNA sorting has conﬁrmed the structural principles previously dis-
covered by hAgo2 Mid domain structure [19]. The structural dis-
covery of the putative mRNA target binding groove within
Arabidopsis Ago Mid domain suggests that mRNA target may be
captured and/or selected by Ago Mid domain. The small RNA
guided mRNA annealing process may starts from the accommoda-
tion of 30-half of the mRNA target in Ago Mid domain and gradually
zipped up along the small guide RNA strand by base-paring (Fig. 4).
Therefore, crystal structures of Arabidopsis Ago Mid domains
should provide additional piece of important information in under-
standing the molecular mechanism of RISC-mediated gene regula-
tion process.
5. Accession numbers
The coordinates have been deposited in the PDB under the
accession codes 3VNA (AtAgo1 Mid domain) and 3VNB (Chimera
AtAgo1v4 Mid domain).
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